Many carnivore species, particularly felids, are sensitive to land use changes and may disappear from landscapes with reduced natural habitat and increased fragmentation. The jaguar (Panthera onca) is highly affected by these factors and is particularly endangered in the Atlantic Forest (AF) of South America, one of the most threatened biomes in the world. We used noninvasive fecal sampling and microsatellite markers to investigate the genetic diversity of jaguars in one of the last remnant populations of this species in the entire coastal AF. This section of the biome is highly fragmented. We observed low levels of genetic diversity (H O = 0.621, H E = 0.532, AR = 3.195), and estimated a small effective size for the population (N e = 7.9 individuals). We performed comparative analyses incorporating data from previously surveyed populations located farther inland (interior AF), revealing that the coastal population studied shows significant genetic differentiation. Our results support a scenario of anthropogenic, drift-induced differentiation among jaguar populations in small AF fragments, affecting both the interior and coastal components of this biome. Despite its low diversity, we detected putatively unique alleles present in the coastal population, supporting its importance in the context of maintaining the remaining genetic variability of jaguars in the AF. Our results highlight the urgent need to implement coordinated conservation actions for jaguars in this highly impacted biome, including management interventions that foster the restoration of genetic connectivity among isolated remnant populations.
The jaguar (Panthera onca) is the largest felid in the Americas. Its historical distribution extended continuously from the southwestern United States to central-southern Argentina (Seymour 1989) , with a range-wide genetic assessment indicating that the species displayed considerable levels of connectivity across broad continental scales (Eizirik et al. 2001 ). Due to intense human disturbance, jaguars are currently restricted to less than 46% of their historical range, now occurring in at least 48 separate regions (Sanderson et al. 2002) . In South America, the largest remaining populations are in the Pantanal and Amazon regions (Cunha de Paula et al. 2013) , and the Atlantic Forest (AF) of Brazil is one of the biomes where the species is most endangered (Sanderson et al. 2002; Galetti et al. 2013) .
The plight of jaguars in the AF reflects the situation of the biome as a whole, which is considered one of the 34 Hotspots of Biodiversity on the planet (Mittermeier et al. 2004 ). The remaining habitat corresponds to only 15% of its original extent (FSOSMA and INPE 2014) , comprising mostly smallto medium-size fragments embedded in a complex matrix of human-dominated landscapes (Mittermeier et al. 2004; FSOSMA and INPE 2014) . In this biome, only 7% of the jaguar's habitat remains in good condition (Paviolo et al. 2016) . The species strongly prefers less-disturbed forest, although it also uses dense and open marshlands (Cullen 2006) . Riparian vegetation patches are important as potential dispersal corridors, and the species avoids the use of areas dominated by anthropic activities such as pasture and agriculture (Cullen 2006) . Jaguars currently persist in less than 3% of the AF, with an estimated total population of 150-300 individuals in the biome, divided into multiple isolated populations (Paviolo et al. 2016) . The AF harbors only 7 areas with the presence of males and females, which were determined as "Jaguar Conservation Units" (JCUs), and 5 areas with the confirmed presence of only 1 sex, categorized as "Potential Jaguar Conservation Units" (PJCUs- Paviolo et al. 2016) . Only 3 JCUs contain 50 individuals or more (Paviolo et al. 2016) , and there is evidence of ongoing decline in all populations (Beisiegel et al. 2012) . Therefore, if the present trends are not reversed, the AF may soon be the first tropical biome in the world to lose its top predator (Galetti et al. 2013) .
Compounding the demographic issues, initial genetic analyses focusing on 4 fragments located in the inland portion of the biome (interior AF, specifically the Upper Paraná AF [UPAF] ecoregion) revealed an alarming trend of human-induced isolation and subsequent loss of diversity (Haag et al. 2010) . Although it is likely that this process is also affecting other populations, especially in the heavily impacted and severely fragmented coastal AF, no information from additional areas has been reported, largely due to difficulties in capturing and sampling jaguars. We used noninvasive sampling to investigate the genetic diversity of jaguars present in a coastal AF remnant in the state of Espírito Santo, southeastern Brazil, and to compare it to previously collected data from UPAF fragments. Our results strongly support the hypothesis that jaguars from the Brazilian coastal AF are undergoing at least as much humaninduced loss of diversity as the most isolated fragments of the interior AF, and should be considered critically endangered. The results and analyses presented here should contribute to improving ongoing efforts to design and implement conservation actions that aim to prevent the extinction of jaguars in this biome.
Materials and Methods
Study area.-We studied the jaguar population present in the "Reserva Natural Vale" (RNV; Vale Natural Reserve), located 30 km north of the Doce River, between the municipalities of Linhares and Jaguaré, in the state of Espírito Santo, southeastern Brazil (19°06′S, 39°45′W and 19°18′S, 40°19′W; Fig. 1) . The RNV is a private protected area encompassing 22,711 ha, which is adjacent to the "Reserva Biológica de Sooretama" (RBS; Sooretama Biological Reserve), a federally protected area spanning 24,250 ha, and 2 other private reserves: the "Reserva Particular do Patrimônio Natural" (RPPN; Natural Heritage Private Reserve) "Recanto das Antas" (2,202 ha) and the "RPPN Mutum Preto" (379 ha; Fig. 1 ). These reserves, together with a series of privately owned forest fragments (Legal Reserves and Permanent Preservation Areas according to Brazilian law), jointly comprise a relatively large block of native vegetation (Linhares-Sooretama Block), crossed by the BR-101 highway, and represent one of the most important forest fragments in Espírito Santo state. This large forest remnant encompasses more than 10% of the forest remaining in the state (based on data available in FSOSMA and INPE [2014] ).
Most of the reserve area is covered by "Tabuleiro" forest (dense lowland rainforest located on flat terrain) classified as perennial seasonal forest (Jesus and Rolim 2005) . In addition to "Tabuleiro" forests, a local forest vegetation type growing on sandy soils (called "Mussununga") and occasional grasslands (called "Campo Nativo") are also present in the area, among others (see Fig. 2 for details). The RNV has an internal system of unpaved roads (126 km in total length) that are ca. 4 m wide and were built decades ago to allow access to all parts of the reserve by internal staff and authorized researchers only. The perimeter of the RNV is irregularly shaped (see Fig. 1 ) and is surrounded mostly by pastures and crops, especially fruit and coffee plantations (Jesus and Rolim 2005) . In recent years, there has been an increase of Eucalyptus plantations surrounding the reserve.
The current situation of the human-altered matrix surrounding the RNV is a consequence of the process of occupation of the region. Historical records demonstrate that the beginning of the habitat fragmentation process that led to the isolation of the Linhares-Sooretama Block is quite old. The Linhares village was founded in 1800 with the goal of aiding with surveillance of gold trafficking and protecting navigation on the Doce River. It originally occupied the area that today corresponds to Linhares city and its neighboring municipalities. The forest that covered the entire region began to be cleared at that time, and in just over a century it was almost completely replaced by settlements, grazing, and agriculture. In 1930, the construction of the BR-101 highway began, linking the southern and northern portions of the state, and hastening the destruction of the original vegetation. By the 1960s, the Linhares area already stood out regionally in terms of timber production, with the native forests being gradually decimated by logging and replaced by pastures and plantations of sugarcane, coffee, papaya, and Eucalyptus. Overall, these activities have led to the gradual and complete isolation of the Linhares-Sooretama Block from other AF remnants (see Fig. 1 ).
Today, approximately 18% of the territory of the municipalities surrounding the RNV and RBS corresponds to remnants of native vegetation (based on data available in FSOSMA and INPE [2014] ). The Linhares-Sooretama Block represents almost 53% of this remnant area, while the other 47% is distributed in 2 protected areas located south of the Doce River (together encompassing 2,257 ha) and many small fragments distributed across the landscape (see Fig. 1 ). Other parts of the state harbor small and isolated fragments, with the largest remnants located in the mid-south and southwest regions. These coincide with mountainous formations, such as the reserves in Santa Teresa municipality (where the largest protected area encompasses ~3,560 ha) and the Caparaó region (a protected area with 31,763 ha; see Fig. 1 ). There have been no records of jaguars in these regions in decades.
Sample collection.-All genetic analyses presented here were performed with a noninvasive approach, using fecal 2013-2014.] samples. Fecal samples were collected from November 2006 to October 2008 (24 months) along internal roads within the RNV, which were traveled by 2 observers riding bicycles. A total of 1,551 km of internal roads was traversed in the RNV during the sampling period. In addition, fecal samples were collected opportunistically during other research activities conducted in the reserve, such as data collection for a camera-trap study, by the same researchers and during the same sampling period.
All felid fecal samples encountered in the field were collected, regardless of size, considering the potential for morphological overlap between the scats of jaguars (P. onca), pumas (Puma concolor), and even ocelots (Leopardus pardalis- Farrell et al. 2000; Miotto et al. 2007; Haag et al. 2009 ). Fecal samples categorized as "fresh" (shiny and damp surface; strong odor) or "recent" (opaque surface, but no sign of damage or removal of the outer surface) were stored for genetic analysis. Older feces that exhibited a thin outer pellicle (i.e., a white and opaque coating) covering parts of the sample were also collected. The coordinates of all samples (collection points) were recorded with a GPS device.
We collected 1 slice of each fecal sample, containing the surface and the interior, as well as the outer pellicle when present. We preferentially selected the portion of the sample with the least exposure to the environment (e.g., sunlight and rain) and also without contact with the ground. The slice was subdivided into 2 parts and each of them was placed in a 50-ml sterile conical plastic tube. Two distinct methods of scat DNA preservation were used: immersion in a solution of DMSO (dimethylsulfoxide)-EDTA (ethylenediaminetetraacetic acid)-Tris-salt solution (DETS-Seutin et al. 1991) , and desiccation with silica gel beads (4 g silica/1 g feces ratio- Wasser et al. 1997) . Samples were kept frozen in the RNV's field laboratory and shipped to the PUCRS Laboratory of Genomics and Molecular Biology for genetic analysis. All samples were stored at −20°C prior to DNA extraction.
Laboratory procedures.-Fecal DNA extractions were performed with the QIAamp DNA Stool Mini Kit (Qiagen, Valencia, California), following the manufacturer's instructions. Both the DETS and silica-preserved aliquots of each sample used for DNA extraction and the success rate of each fecal preservation method were assessed (see "Results"). Each batch of extractions (n = 10) included 1 negative extraction control to monitor the occurrence of contamination with exogenous DNA. The extraction procedures were carried out in a separate laboratory area dedicated to the analysis of DNA from noninvasive samples.
To identify each scat at the species level, we employed an assay that targets a short segment of the mitochondrial DNA (mtDNA) ATP synthase subunit 6 (ATP6) gene (Haag et al. 2009 ). This assay was successfully used in previous studies with felids and other carnivores (e.g., Haag -Location of fecal samples collected in "Reserva Natural Vale" (RNV) for which DNA-based confirmation of the source species was achieved. Jaguar (Panthera onca) genotypes "captured" in more than 1 sample are indicated by codes "G1" (n = 3 scats), "G2" (n = 2), and "G3" (n = 2) matching the nearest Panthera onca symbol. The other 8 genotypes were only 1 scat each.
ATP6-DF2 and ATP6-DF3 (designed by Haag et al. 2009 ) and the reverse primer ATP6-DR1 (Trigo et al. 2008) were employed throughout this study. In most cases, ATP6-DF2 was used, and its performance was similar for the surveyed species to that of ATP6-DF3 (which was subsequently found to work more broadly across carnivores- Chaves et al. 2012) .
Polymerase chain reactions (PCRs) for the ATP6 gene followed the protocols described by Haag et al. (2009) . PCRs were performed in a final volume of 20 μl, containing 1× PCR buffer (Invitrogen), 2.0-2.5 mM MgCl 2 , 0.2% Triton X-100, 200 μM dNTPs, 0.2 μM of each primer, 0.5 unit of Platinum Taq DNA polymerase (Invitrogen, Thermo Fisher Scientific Corp., Carlsbad, California), and 1-6 μl of empirically diluted template DNA. The reaction profile was: 10 cycles (Touchdown) of 94°C for 45 s, 60-51°C for 45 s, 72°C for 1.5 min, followed by 30 cycles of 94°C for 45 s, 50°C for 45 s, 72°C for 1.5 min, and a final extension at 72°C for 3 min.
PCR products were visualized on a 1% agarose gel stained with GelRed (Biotium, Fremont, California), purified with PEG8000, sequenced using the DYEnamic ET Dye Terminator Sequencing Kit (GE Healthcare, Pittsburgh, Pennsylvania), and analyzed in a MegaBACE 1000 automated sequencer (GE Healthcare). PCR products could be reliably identified with the sequencing of only 1 strand, using the forward primer (as previously reported by Haag et al. 2009 and Chaves et al. 2012) . Sequence electropherograms were edited and analyzed using the software Finch TV 1.4.0 (Geospiza, Inc., Seattle, Washington). The ATP6 gene fragment obtained from each fecal sample was compared with reference sequences available in the BOLD database (www.boldsystems.org) for the 6 felid species present in the RNV: jaguar, puma, ocelot, margay (Leopardus wiedii), southern tigrina (L. guttulus), and jaguarundi (Puma yagouaroundi- Haag et al. 2009; Chaves et al. 2012) . DNA sequences were aligned with the CLUSTALW algorithm (using default settings) as implemented in MEGA 5.1 (Tamura et al. 2011) . MEGA was also used to identify identical haplotypes, to assess the presence and consistency of diagnostic sites among the species, and to perform phylogenetic analyses, following Haag et al. (2009) .
After the confirmation of the source species, jaguar samples were analyzed in detail using microsatellite markers. Jaguar DNA extracts were screened for 11 microsatellite loci (1 with a dinucleotide repeat [FCA742], 2 with trinucleotide repeats [F146 and F98] , and 8 with tetranucleotide repeats [FCA740, FCA723, FCA453, FCA441, FCA391, F124, F85, and F53] ) originally developed for the domestic cat (Menotti-Raymond et al. 1999 . These 11 loci were selected from the 13 markers used by Haag et al. (2010) on the basis of the amplification success and variability observed in that study. All forward primers were 5′-tailed with an M13 sequence and used in combination with a standardized dye-labeled (6-FAM, HEX, or NED) M13 primer (Boutin-Ganache et al. 2001) .
The amplification of microsatellite loci followed the protocols described by Haag et al. (2010) , and included parallel genotyping of samples used in that study to allow consistent genotyping and subsequent integration of both data sets (see below). PCRs were performed in a 10-μl volume containing 1-3 μl of empirically diluted fecal DNA, 1× PCR Buffer (Invitrogen), 1.5-2.5 mM MgCl 2 , 200 μM of each dNTP, 0.2 μM of the reverse and M13-fluorescent primers, 0.0133 μM of the M13-tailed forward primer, and 0.25 or 0.5 unit of Platinum Taq DNA polymerase (Invitrogen). To improve amplification success, we also included 1 or more PCR additives such as 0.2% Triton X-100, 3% DMSO, or 0.5× PCR enhancer solution (Invitrogen). In all cases, the reaction profile was the same described above for the mtDNA, except for a 30-min (instead of 3-min) final extension step, as reported in Haag et al. (2009 Haag et al. ( , 2010 .
Microsatellite genotyping was performed using a MegaBACE 1000 automated sequencer, the ET-ROX 550 size standard (GE Healthcare), and the accompanying Genetic Profiler 2.2 software. All instrumentation and procedures were identical to those reported by Haag et al. (2010) . Negative controls were run for each batch of PCRs, and genotyped to monitor the presence of any exogenous DNA. We adopted the multiple-tube approach (division of the sample into several tubes and application of the procedures for each tube separately- Taberlet et al. 1996 Taberlet et al. , 1999 to improve genotyping reliability. Only genotypes that had been sufficiently replicated were considered for analysis: heterozygotes were identified by a minimum of 2 independent scores of each allele, and homozygotes were considered correct if the same allele was detected by at least 5 independent amplifications. Amplification was attempted up to 15 times per locus for each sample, and only sample/locus combinations achieving the prespecified thresholds of reliable genotyping were included in the analyses.
Data analysis.-We used the software MICRO-CHECKER 2.2.3 (Van Oosterhout et al. 2004 ) to identify possible genotypic errors due to stutter peaks, as well as to assess the existence of null alleles and large allele dropout. After this quality control step, the number of distinct genotypes was determined with the Program GIMLET (Genetic Identification with MultiLocus Tags) version 1.3.3 (Valiere 2002 ). This program takes into account the probabilities of allelic mis-scoring and null alleles in the construction of consensus genotypes from repeated genotyping. On the basis of these results, samples bearing identical genotypes were considered to represent the same individual (see "Results"), and only 1 representative composite genotype of each was included in downstream analyses.
The discriminatory power of our microsatellite data set was assessed using the program GENECAP 1.2.1 (Wilberg and Dreher 2004). We calculated the probability of identity (P (ID) ) index using 2 different approaches, 1 in which HardyWeinberg equilibrium (HWE) was assumed (HW P (ID) ), and another considering that the individuals are siblings (Sib P (ID) ). The HW P (ID) represents the probability of 2 individuals within the population randomly sharing the same genotype for all the analyzed loci (Waits et al. 2001; Wilberg and Dreher 2004) and quantifies the ability of the molecular markers to distinguish among the different genotypes (Perez et al. 2006) . The Sib P (ID) is considered to be more conservative and more appropriate for populations comprising closely related individuals (Waits et al. 2001 ).
JOURNAL OF MAMMALOGY
We tested for deviations from HWE using the procedure described by Guo and Thompson (1992) and implemented in ARLEQUIN 3.11 (Excoffier et al. 2005) , with 10,000 dememorization steps. We also used ARLEQUIN to assess linkage disequilibrium (LD) among loci. In both cases, significance levels (α = 0.05) were corrected for multiple simultaneous comparisons with the sequential Bonferroni approach (Rice 1989).
We estimated the genetic diversity present in the RNV population by assessing the number of alleles per locus (A), the observed heterozygosity (H O ), and the expected heterozygosity (H E ) under Hardy-Weinberg assumptions (Nei 1978) . These estimates were performed using the program CERVUS 3.0.3 (Marshall et al. 1998) . We also used the program FSTAT 2.9.3.2 (Goudet 2002) to calculate the allelic richness (AR), which is a measure of the observed number of alleles per locus that is independent of sample size (Petit et al. 1998 ). Finally, we used the program LDNE 1.31 (Waples and Do 2008) to estimate the genetically effective population size (N e ) of jaguars in the RNV. We used the LD method and the bias correction proposed by Waples (2006) , along with a critical value (P crit ) of 0.05 as a criterion for excluding rare alleles, along with the Jackknife approach to assess significance.
To investigate the genetic distinctiveness of the RNV population relative to other AF remnants, we performed several additional analyses that incorporated data generated previously for fragments located in the inland portion of this biome. Specifically, we compared the RNV population to those sampled in the UPAF ecoregion, which had been analyzed using the same microsatellite markers and identical procedures by Haag et al. (2010) . However, Haag et al. (2010) analyzed biological samples obtained between 1992 and 2007 at 4 study sites, including material from dead animals (pelts from the Green Corridor and Ivinhema) and 1 locale whose jaguar population is now extinct (area affected by the Porto Primavera hydroelectric dam). Considering the time frame of that sampling set (spanning 15 years) and the continuous effect of population reduction and isolation, it is likely that the current genetic diversity of jaguars in the UPAF ecoregion is lower than the level reported by Haag et al. (2010) . For this reason, to allow a more realistic comparison and to focus on current levels of genetic variation, we included here only UPAF samples that were collected from 1998 onwards, so as to minimize the effect of alleles that were present earlier in that region and may have already been lost. This resulted in a final sample size of 13 individuals for the "Green Corridor," 8 for "Morro do Diabo," and 10 for "Ivinhema" (Fig. 1) . In addition, we did not include the Porto Primavera population in this joint analysis, given the local extinction of jaguars in that area (Haag et al. 2010) . Finally, we only included in these comparative analyses the 11 microsatellite markers that were typed for all the assessed populations, including RNV.
Analyses of population differentiation including RNV and UPAF samples were based on the Bayesian approach implemented in the program STRUCTURE 2.3.4 (Pritchard et al. 2000) , as well as on the estimation of fixation indices among locales. We used STRUCTURE to estimate the posterior probability of the data under the hypothesis of K clusters (Pr[X | K]), using the same search parameters described by Haag et al. (2010) . Briefly, we used the admixture model and correlated allele frequencies among populations; for each analysis we used 2 × 10 6 Markov Chain Monte Carlo (MCMC) steps as burn-in, followed by 2 × 10 6 MCMC steps in which the posterior distribution was sampled. We ran the MCMC procedure 10 times for each value of K (K = 1-4 when the RNV was analyzed by itself; K = 1-10 for the joint analyses of RNV and UPAF), and assessed the variation across runs to verify convergence. In the joint data set, in addition to directly inspecting the likelihood distribution for different values of K, we employed the method proposed by Evanno et al. (2005) , as implemented in STRUCTURE HARVESTER (Earl and von Holdt 2012) to identify the most likely number of distinct genetic clusters. We then analyzed the results of the best-fitting K-value, aiming to identify whether genetically defined clusters corresponded to actual population fragments. Once the best-fitting values of K were identified, we performed additional STRUCTURE analyses of the joint data set (using the same MCMC settings described above) with the USEPOPINFO model, in which the population of origin of each sample is used as a prior and the algorithm tests whether it could represent a migrant from a different genetic cluster (or an admixed individual).
As for the fixation indices, we investigated the degree of genetic differentiation among present-day populations using pairwise F ST (Weir and Cockerham 1984) and R ST (Slatkin 1995) values, estimated with the software package ARLEQUIN 3.11. In both cases, we used 10,000 permutations to test the statistical significance of the estimated values. We also calculated pairwise values for the alternative measure of genetic differentiation D EST (Jost 2008) , as implemented in the program SMOGD 1.2.5 (Crawford 2010) , and considered the arithmetic mean across loci, as described by Heller et al. (2010) .
results
We collected 32 fecal samples from the RNV (19 "fresh," 11 "recent," and 2 "older"), and obtained amplification products for the mitochondrial ATP6 gene from 31 of them (97% success rate, including the 2 samples classified as "older") using the extracts derived from 1 or both of the fecal preservation methods (DETS or silica beads). When the 2 preservation methods were compared, we observed that feces preserved with DETS yielded a 94% amplification success rate, whereas those preserved with silica yielded an 81% success rate. DETSpreserved aliquots yielded a stronger PCR product in 50% of the samples, whereas those preserved with silica yielded better amplification in 20% of them (for the remaining 30%, product strength was similar for both methods). For each sample, we sequenced 1 of the successful PCR products, allowing the species-level identification of 27 feces (84% success rate). Using both direct, character-based comparisons to references and phylogenetic analyses (as described by Haag et al. [2009] ), 19 of these samples were identified as jaguar scats, whereas the others were assigned to puma (n = 3), ocelot (n = 4), and southern tigrina (n = 1; Fig. 2 ). Sequences used for specieslevel identification, along with the respective geographic information, have been deposited in BOLD (www.bolsystems.org) in the project "Carnivora Mini-Barcodes [CAR] ."
Of the 19 jaguar fecal samples, 15 could be successfully genotyped with microsatellites. We identified 11 individual genotypes: 1 genotype was represented by 3 scats (G1), 2 genotypes were represented by 2 fecal samples each (G2 and G3), and the other 8 genotypes were found only in a single scat each (Fig. 2) . The HW P (ID) was 9.78 × 10 −7 and the Sib P (ID) was 0.00186, demonstrating that these markers were sufficiently powerful for individual discrimination at the local level (since the maximum number of individuals expected in this population is 17, based on the available area and recent density estimates-Srbek-Araujo and Chiarello 2017).
No evidence for null alleles, large allele dropout, or stutter peaks influencing the data set was detected with MICRO-CHECKER. A manual assessment of the raw data revealed a 21.9% allele dropout rate from heterozygote individuals, and a 1.6% rate of false alleles, which were always inconsistent across multiple amplifications of the same sample. We observed no evidence for deviations from HWE, and all pairwise locus combinations were in linkage equilibrium after a Bonferroni correction (α = 0.05; 55 comparisons).
Jaguars from the RNV showed a mean observed (H O ) and expected (H E ) heterozygosity of 0.621 and 0.532, respectively. The mean AR was 3.195. The number of alleles per locus ranged from 1 to 5 alleles, with a mean of 3.455 (Table 1) . One locus (F146) was monomorphic in the RNV population. Private alleles for the RNV, based on the data available for the UPAF ecoregion (Haag et al. 2010) , could be observed at 3 microsatellite loci: FCA441 (allele 161), F53 (alleles 156 and 172), and FCA453 (allele 244), comprising a total of 4 unique alleles. The genetically effective population size (N e ) was estimated to be 7.9 individuals (95% confidence interval [CI]: 3.0-21.9).
The analysis performed with STRUCTURE for the RNV population by itself revealed that K = 1 (mean ln P(D) = −218.69) was the best fit for this local data set. When the RNV data were analyzed in conjunction with those from the 3 present-day UPAF populations, we observed a best fit with K = 4 (mean ln P(D) = −1157.77), and a slightly worse fit with K = 3 (mean ln P(D) = −1176.29). The posterior probability was maximized with K = 4 (Pr[k = 4] = 0.99), while the method proposed by Evanno et al. (2005) supported K = 3 (deltaK = 107.70). In both cases, the differentiation between the RNV samples and those of the UPAF remnants was very clear (Fig. 3) . In both scenarios, the RNV individuals were strongly assigned to the same cluster, with the other genetically defined groups being associated with the remaining population fragments. With K = 3, the Green Corridor individuals were mainly assigned to a separate cluster, whereas with K = 4 they were mostly split between 2 different clusters. The individuals from "Morro do Diabo" and "Ivinhema" could not be clearly distinguished with STRUCTURE using this data set (and no population information), and were mostly assigned to the same cluster (K = 3 and K = 4). However, the pattern of population subdivision was different between them as more genetic clusters were assumed (K = 5 to K = 10): while the "Ivinhema" individuals were always assigned to multiple clusters, those from "Morro do Diabo" were consistently assigned to a single cluster, which reflects their more pronounced genetic homogeneity.
When we performed STRUCTURE analyses incorporating population-of-origin priors, we observed a very high (> 0.9) assignment rate of each of the 4 sampled populations to distinct genetic clusters (when considering K = 4). No individual in any of the sampled populations was categorized as a migrant: almost all exhibited > 0.9 probability of assignment to their own populations, and those that did not had < 0.6 probability of assignment to any other cluster, implying an admixed origin (or shared ancestral alleles-see below).
In addition to the STRUCTURE results, the differentiation between the RNV and UPAF fragments was also visible when assessed with the estimated fixation indices (Table 2 (Table 2) . R ST values involving the RNV population were consistently higher and more significant than those between UPAF populations, indicating older divergences given the properties of this fixation index.
discussion
The jaguar population in the RNV has undergone continuous monitoring with camera traps since 2005 and 9 different individuals have been recorded by camera trapping in the area (Srbek-Araujo and Chiarello 2017). The jaguar fecal samples collected in the RNV were grouped into 11 genotypes, Table 1 .-Measures of diversity at 11 microsatellite loci for the jaguar (Panthera onca) population of "Reserva Natural Vale" (RNV). Diversity measures include sample size (n), observed number of alleles (A), allelic richness (AR), observed heterozygosity (H O ), expected heterozygosity (H E ), and alleles identified (AId). indicating that the local population of jaguars is larger than the number detected with camera traps. The genetic result is supported by the lack of photographic records of cubs, in spite of evidence of reproductive encounters between males and females, and records of juveniles in the RNV (Srbek-Araujo and Chiarello 2017). Additionally, the species has not been systematically investigated in the adjacent RBS, in which a single specimen was photographed in 2011 (A. C. Srbek-Araujo, pers. obs.). There are thus likely more individuals in this reserve, some of which may move between the 2 areas. Assuming that each unique genotype identified represents a single individual, we infer that the RNV population comprises a minimum of 11 jaguars. These data are compatible with the abundance estimated for RNV: 9 ± 1.98 (SE) jaguars (95% CI: 9-17-SrbekAraujo and Chiarello 2017). Therefore, although the sample size used in this study for the RNV is small, it represents a large proportion of the individuals remaining in the area (the same applies to UPAF populations analyzed here-see Haag et al. 2010; Paviolo et al. 2016) . The jaguar population of the RNV harbors low levels of genetic diversity when compared to the UPAF as a whole, and even when compared to individual UPAF remnants (Haag et al. 2010 ). In the UPAF, if only the 11 loci analyzed here are considered, the lowest and highest local levels of genetic diversity were, respectively, "Morro do Diabo" (AR = 3.2, H E = 0.523) and Green Corridor (AR = 5.1; H E = 0.739). Therefore, the genetic diversity reported here for RNV (AR = 3.2, H E = 0.532) is similar to that estimated for the UPAF fragment with the least variation. As in the case of the UPAF (Haag et al. 2010) , we interpret such low genetic diversity as a consequence of genetic drift over multiple generations of isolation and small effective population size. The estimated N e for the RNV (7.9 individuals) is consistent with this interpretation, as such small size would lead to rapid loss of variation in a few generations.
In addition to low levels of present-day diversity, another consequence of such a drift-induced scenario would be significant genetic differentiation among remaining fragments. Our results based on the STRUCTURE analysis and fixation indices consistently demonstrate that RNV is significantly differentiated from the other AF remnants. Although the STRUCTURE results identify some individuals as putatively admixed (see Fig. 3 ), this pattern is most likely derived from the sharing of ancestral alleles, given the recent time frame of fragmentation, and the variable intensities of drift in different remnants (as observed in Haag et al. [2010] ). Furthermore, the observed pattern of differentiation (e.g., significant R ST values in all comparisons involving RNV) supports a scenario in which gene flow was first severed between the RNV and UPAF populations, Significance values: *P < 0.05, **P < 0.01, and ***P < 0.001. which is consistent with the history of fragmentation of the AF. In a broader context, a similar inference of human-induced differentiation between previously connected jaguar populations has recently emerged from analyses of Mesoamerican jaguars (Wultsch et al. 2016) , suggesting that this process is likely to be negatively affecting this species throughout its present range. The "Morro do Diabo" (37,000 ha) and Linhares-Sooretama Block (~50,000 ha) fragments are the smallest AF areas with genetic data available for jaguars. Compared to the other remnants assessed so far, both areas show reduced genetic variability and fixed alleles in at least 1 microsatellite locus, and present the lowest estimated genetically effective population sizes (Haag et al. 2010 and present study) . Moreover, they retain the lowest levels of genetic diversity reported up to now for any jaguar population (Eizirik et al. 2001; Ruiz-Garcia et al. 2006; Valdez et al. 2015; Roques et al. 2016; Wultsch et al. 2016) .
Putatively unique alleles were observed for all populations in the UPAF ecoregion, except for "Morro do Diabo." The largest and most distant fragment within the UPAF (Green Corridor) presented 18 private alleles (n = 16 considering only the microsatellite loci used in the present study) and the other 2 areas (Porto Primavera and Ivinhema) presented 3 and 2 unique alleles, respectively (Haag et al. 2010) . The presence of private alleles in RNV with respect to UPAF likely illustrates the random process of allele loss in different populations, and supports the notion that small populations can retain valuable and unique genetic variants in the context of species conservation efforts. At the same time, our conclusions are compatible with the argument that remaining jaguar populations in the AF should, as much as possible, be conserved as a single evolutionary unit (Eizirik et al. 2001; Haag et al. 2010) .
While this conservation strategy is desirable, the recent large-scale removal of suitable jaguar habitat (e.g., the flooding by the ~220,000 ha Porto Primavera hydroelectric dam in 1998) has strongly limited the ability of these cats to disperse effectively across the human-dominated landscape of the UPAF ecoregion (Haag et al. 2010) . Although the species has good dispersal capabilities (Quigley and Crawshaw 2002) , it has exhibited avoidance of human-dominated areas (Cullen 2006) . If dispersal is very limited (or currently nonexistent) within the UPAF ecoregion, the movement of individuals between areas that still harbor jaguars in more distant AF regions is almost impossible, leading to the continued occurrence of small and isolated populations. A recent connectivity analysis (Paviolo et al. 2016) revealed that most of the JCUs and PJCUs are isolated, and attempted movement between some regions would have an excessively high cost. The Linhares-Sooretama JCU, for example, is highly isolated from other areas and the chances of jaguars arriving by natural dispersal are extremely low (Paviolo et al. 2016) . Furthermore, some fragments within JCUs may be already isolated and genetically differentiated, as observed in the UPAF by Haag et al. (2010) , indicating that they currently do not function as a metapopulation, but instead are a collection of smaller isolated populations, and that severe fragmentation is occurring at an even finer spatial scale.
Regardless of the number of remaining subpopulations (including JCUs, PJCUs, and small occupied patches with occasional jaguar presence- Paviolo et al. 2016) , the current situation of jaguars observed in the RNV and UPAF is likely to also occur in other AF remnants, some of which (with even smaller habitat patches) may be subject to an even more severe genetic scenario. This assessment highlights the urgency to establish integrated management actions on behalf of jaguars for the biome as a whole. Moreover, in this context, we suggest that the Espinhaço (transitional area between the AF and Cerrado biomes) should be surveyed more thoroughly (including genetic assessments), since the jaguars recorded in this region may be dispersers coming from nearby Cerrado areas in central or northeastern Minas Gerais state. The same should be evaluated for other sites identified as "small fragments with jaguar presence" by Paviolo et al. (2016) and those farther away from other areas mapped as JCUs or PJCUs in the AF (e.g., Rio Tietê-West SP).
Large carnivores require extensive areas with suitable habitat for their persistence and long-term viability, including the maintenance of available communities of prey species (Gittleman et al. 2001 ). In particular, if the effective population size required to retain long-term evolutionary potential ranges from 500 to 5,000 individuals (Franklin and Frankham 1998) , nowhere in the AF can such a stable demographic scenario be recovered in the near future. In this case, the conservation actions for the remaining populations and efforts to integrate them genetically are crucial for the long-term persistence of the species in this biome.
In this context, the direct management of individuals should be considered as an option. This could include the translocation of individuals between JCUs and PJCUs, aiming to promote local genetic rescue within a metapopulation model (Brown and Kodric-Brown 1977; Gotelli 1991) . If effective, this management strategy could reestablish gene flow and replenish local genetic diversity, reducing inbreeding effects and increasing the mean fitness of remaining populations (Keller and Waller 2002) . Considering that the situation of all AF jaguar populations is likely critical, remnants from adjacent biomes could also be assessed for potential inclusion in this management strategy.
Another option in terms of direct management would be the use of assisted reproduction techniques, such as artificial insemination of females present in AF remnants. In this case, semen from males captured in other fragments or from captive individuals could be used for fertilization of unrelated individuals. Such a procedure could be pursued in the wild through a process of short-term animal capture, ovulation induction, artificial insemination with cryopreserved sperm, and release of pregnant females (Howard and Wildt 2009) . In spite of the technical challenges of this approach, a relevant advantage would be to eliminate the risks associated with translocation of individuals among fragments. Another advantage would be to increase the transfer of genetic material among sites, as well as the genetic integration among wild and captive populations. In this scenario, material could be retrieved from the wild and infused into managed populations even years after the death of the original donor (Howard and Wildt 2009 ), allowing the implementation of a genome resource bank that could aid in long-term species survival (Wildt et al. 1997) .
Considering the widespread loss of genetic variability and the reduction of areas available for jaguars across the AF, it is likely that some form of genetic rescue will be required as part of an integrated management strategy. For the RNV, while no data are available for the population of Rio Doce Park (the closest population-more than 250 km away), the distant Green Corridor population may be the most likely source given our inference of historical connectivity between them. Although there are risks associated with such a strategy, the direct management of individuals aiming to supplement local populations seems to be the most feasible alternative for long-term persistence of this species in the Linhares-Sooretama region, and probably in the AF as a whole.
acknowledgMents
We would like to thank B. Guerini and J. Barreto for help with sample collection, and A. da Silva Santos, B. Lippert, and F. Pedone Valdez for help with laboratory procedures. We thank the anonymous reviewers for their valuable contributions. We also acknowledge financial support from Vale S.A. literature cited
